The Younger Dryas (YD) is a well-constrained cold event from 12,900 to 11,700 years ago 17 but it remains unclear how the cooling and subsequent abrupt warming recorded in ice cores 18 was translated into ice margin fluctuations in Greenland. Here we present 10 Be surface 19 exposure ages from three moraines in front of local glaciers on a 50 km stretch along the 20 north coast of Greenland, facing the Arctic Ocean. Ten ages range from 11.6 ± 0.5 to 27.2 ± 21 0.9 ka with a mean age of 12.5 ± 0.7 ka after exclusion of two outliers. We consider this to be 22 a minimum age for the abandonment of the moraines. The ages of the moraines are 23 furthermore constrained using Optically Stimulated Luminescence (OSL) dating of epishelf 24 sediments, which were deposited prior to the ice advance that formed the moraines, yielding 25 a maximum age of 12.4 ± 0.6 ka, and bracketing the formation and subsequent abandonment 26 of the moraines to within the interval 11.8-13.0 ka ago. This is the first time a synchronous 27 YD glacier advance and subsequent retreat has been recorded for several independent 28 glaciers in Greenland. In most other areas, there is no evidence for re-advance and glaciers 29 were retreating during YD. We explain the different behaviour of the glaciers in 30
a minimum age for the abandonment of the moraines. The ages of the moraines are 23 furthermore constrained using Optically Stimulated Luminescence (OSL) dating of epishelf 24 sediments, which were deposited prior to the ice advance that formed the moraines, yielding 25 a maximum age of 12.4 ± 0.6 ka, and bracketing the formation and subsequent abandonment 26 of the moraines to within the interval 11.8-13.0 ka ago. This is the first time a synchronous 27 YD glacier advance and subsequent retreat has been recorded for several independent 28 glaciers in Greenland. In most other areas, there is no evidence for re-advance and glaciers 29 were retreating during YD. We explain the different behaviour of the glaciers in 30 northernmost Greenland as a function of their remoteness from the Atlantic Meridional 31
Overturning Circulation (AMOC), which in other areas has been held responsible for 32 modifying the YD drop in temperatures. 33
Introduction 35
The Younger Dryas (YD) marks a cold period at the end of the last glaciation, from 12.9 to 36 11.7 ka ago (Rasmussen et al., 2006) . In spite of rising insolation during the YD, 37 temperatures dropped, probably because the Atlantic Meridional Overturning Circulation 38 (AMOC) was reduced or even shut down by large amounts of meltwater running off the 39 melting ice sheets (Broecker et al., 1989; Denton et al., 2005; Carlson, 2013) . The YD is 40 especially pronounced in areas bordering the North Atlantic, and nowhere is it seen more 41 clearly than in ice cores from the top of the Greenland ice sheet where the oscillation began 42 with a c. 6°C drop in temperatures over a period of 200 years, and ended with an abrupt rise 43 of c. 10°C over a period of only 60 years (Steffensen et al., 2008; Buizert et al., 2014) . 44
Knowledge about how these abrupt climate changes are translated into ice marginal 45 behaviour along the Greenland ice sheet is of importance for evaluating the impact of future 46 warming on the ice margin. 47
Here we present new evidence of a YD advance and subsequent retreat by three outlet 48 glaciers from the North Cap, the local ice cap over the North Greenland mountain range (Fig.  49 1). The maximum positions of this advance in respective valley are marked by prominent 50 terminal moraines, which ages are determined by new and previously published surface 51 exposure ages, combined with previously published Optically Stimulated Luminescence 52 (OSL) ages. We furthermore discuss the implications of our findings in the view of previous 53 studies on the YD ice margin behaviour in other parts of Greenland. 54 55
Study area 56
The north coast of Greenland represents the land area closest to the North Pole. It comprises a 57 and 6.0 %. 124
The CRONUS-Earth online calculator was used to estimate surface exposure ages 125 from the calculated 10 Be concentrations (Balco et al., 2008) . We report exposure ages (±1σ, 126 (Balco et al., 2008) . The Arctic production rate is appropriate 130 because of its geographic coverage and because the calibration data set extends back to ca. 16 131 ka. The analytical uncertainties are used when comparing results internally (i.e. 10 Be data 132 only), whereas the systematic uncertainty (parentheses, last column, Table 1) should be used 133 when comparing the results with ages obtained using different cosmogenic nuclides or 134 independent dating methods. 135
No correction for erosion, snow cover or landform degradation has been applied, but 136 this does not mean that these factors are irrelevant -just hard to constrain. Erosion is very 137 lithology specific, ranging from close to zero (amorphous quartz pebbles), granular 138 weathering (meta-sandstones), to random loss of pieces (quartz veins/lenses). Snow cover can 139 potentially be present most of the year, but no data on duration, thickness and density is 140 available. Landform degradation encompasses several processes, such as wind deflation 141 (evident from pebble lags) and freeze-thaw activity (polygonal cracking patterns, ice-wedge 142 polygons and patterned ground), transforming the ridges from their initial unknown geometry 143 to the present-day gently sloping features. 144 In Henson Bugt, a large terminal moraine is located ~10 km from the present ice margin of a 149 local glacier draining a small ice cap (Fig. 2) . The ~30-40 m high and ~600 m wide moraine 150 displays occasional large boulders of which three were sampled for surface exposure dating 151 (Fig. 4) . The small diameter of lichens on the boulder surfaces suggests an age of only 100 152 years (E.S. Hansen, pers.com.). However, the 'lichen-kill' effect of semi-permanent 153 snowbeds in the recent past (Lévesque and Svoboda, 1999; Matthews, 2005) would hamper 154 the applicability of lichenometric dating. Three boulder samples (PEA 0719, 0720, 0721) 155 yield 10 Be surface exposure ages of 12.5 ± 0.6, 13.5 ± 0.7, and 12.4 ± 0.6 ka ( In Constable Bugt, a ~60 to 100 m high and ~1 km wide terminal moraine blocks the 161 entrance to Sifs Valley (Figs. 2, 5 ). The moraine, located ~17 km from the present valley 162 glacier margin, has a core composed of diamict and, in addition to this, glaciotectonically up-163 thrusted fine-grained glaciolacustrine sediments on its proximal part (Möller et al., 2010) . Six 164 processed samples (PEA 0611, 0613, 0618, 0621, 0645, 0647) range from 11.6 ± 0.5 to 27.2 165 ± 0.9 ka ( In Bliss Bugt a ~10-30 m high moraine is located ~8 km from the present ice margin of 177
Moore Glacier (Fig. 2) . The surface consists of sorted coarse-grained sediments with few 178 scattered boulders (Fig. 6 ). One amalgamated sample of surface pebbles from the sediment 179 ridge gives a 10 Be surface exposure age of 12.8 ± 0.7 ka (Table 1 , Fig. 3 ). This sample was 180 included in the study by Möller et al. (2010) , but because its 10 Be surface exposure age was 181 considered to be an outlier (significantly older than the data set from Bliss Bugt at that time), 182 no conclusions were drawn. However, since the age overlaps with the new 10 Be data from the 183 moraine ridges at Constable Bugt and Henson Bugt we find it to be reliable. 184 185 5. Discussion 186
Younger Dryas moraines in North Greenland 187
In total, we dated eight boulders and two amalgamated pebble samples from the moraines on 188 the north coast of Greenland. Two samples are significantly older than the rest and 189 considered as outliers, suffering from inheritance. However, the consistent ages of the 190 majority of samples suggest that inheritance is not a significant problem; otherwise a more 191 scattered age distribution would have been expected, such as noted for erratics on moraines in 192 Scoresby Sund (Kelly et al., 2008) . We attempted to minimize the post-depositional effects 193 by sampling the largest boulders on the flat surface of the moraine crests at Henson Bugt and 194 Constable Bugt. Long-term moraine degradation also plays an insignificant role in West 195 Greenland where the Fjord Stade moraines were precisely dated to 9.3 and 8.2 ka by 10 Be 196 measurements, controlled by threshold lake records (Young et al., 2011; Young et al., 2013a) . 197
These uncertainties, in addition to other processes such as shielding by long lasting snow 198 cover, moraine degradation where boulders are slowly exhumed until the moraine stabilizes, 199 or because of dead-ice melting (Heyman et al., 2011; Houmark-Nielsen et al., 2012) , have the 200 potentials of making the ages too young. We therefore treat all ages as minimum ages. 201 Accordingly, we calculate an arithmetic mean minimum age of 12.5 ± 0.7 ka (n=8), 202 excluding the two outliers mentioned above (Fig. 7) . 203 Clearly, our new 10 Be results yielding a YD age of the moraines seems incompatible 204 with our previous interpretation which suggests an age between 9.6 and 6.3 cal. ka BP 205 (Möller et al., 2010) . However, the two interpretations are not necessarily mutually exclusive. 206
The consistency of 10 Be ages on three independent moraines along 50 km of coast is very 207 compelling. So is also the radiocarbon age (~10.3 cal. ka BP) of the glaciotectonically up-208 thrusted sediments on the proximal side of the moraine in Constable Bugt (site CB0705; Fig.  209 5 in Möller et al., 2010) , suggesting a younger age for this part of the moraine. With the new 210 10 Be ages along the major part of the Constable Bugt moraine, we suggest that its core was 211 formed during the YD advance, while the up-thrusted sediments on its proximal side are 212 related to a younger re-advance between 9.6 and 6.3 cal. ka BP (Fig. 8) . Given that the 213 coastal plain was inundated 10.1 cal. ka BP, following the break-up of the ice on the shelf, 214 marine sediments were deposited on the distal part of the moraine up to 40 m a.s.l. in 215 Constable Bugt. Thus, the surficial diamict with molluscs (~10.1 and 9.6 cal. ka BP) located 216 below the marine limit (site CB0706; Fig. 5 in Möller et al., 2010 ) is re-interpreted. We thus 217 suggest it represents a marine drop till or, more likely, a young solifluction lobe with 218 diamictized marine sediment on the distal part of the moraine, rather than being glacially 219 remoulded marine sediment from the interior of Sifs valley at terminal moraine formation, as 220 suggested by Möller et al. (2010) . 221 We can furthermore constrain the age of moraines by re-evaluating the retrieved OSL 222 ages of the epishelf sediments, deposited during the break-up of the LGM shelf-based ice and 223 before the moraines were formed (Larsen et al., 2010; Möller et al., 2010) . The large spread 224 of older OSL ages, from 135 to as young as 12.4 ka, with the youngest ages likely a 225 maximum age interval for the formation of the moraines as discussed above (Figs. 3, 7) . 226
Besides giving a lower age constrain for the moraine, the presence of epishelf sediments in 227
Sifs valley furthermore demonstrates that the glacier advanced to the moraine from up-valley, 228
i.e. the moraine was not formed by still-stand during stepwise deglaciation. 229
In summary, the age of the moraines are bracketed by the minimum limiting 10 Be 230 surface exposure ages of 12.5 ± 0.7 and the maximum limiting OSL age of 12.4 ± 0.6 ka, 231 implying that the moraines were formed and abandoned within an age interval of 11.8-13.0 232 ka. The 10 Be surface exposure ages are derived from three terminal moraines formed by 233 independent glaciers over a distance of 50 km. This indicates that the glaciers advanced as a 234 response to external climate forcing rather than local topography or surging, and we conclude 235 that the moraines formed during an advance in response to the YD cooling. However, the 236 large uncertainties both in surface exposure and OSL ages preclude an assessment of the 237 duration of moraine formation, and its more precise age within the YD. 238 239
Younger Dryas ice margin fluctuations in Greenland 240
In other parts of Greenland the ice margin response to the YD cooling is more ambiguous. 241 This is seen from recent 10 Be surface exposure dating of moraines and detailed seismic 242 studies on the shelf, accompanied by AMS 14 C-dated marine cores (Fig. 9 ). Below is a brief 243 review of the evidence and the climatic background given by the authors. 244 245
East Greenland 246
In the East Greenland Fjord Zone, between 70° and 77°N, a belt of moraines -the 247
Milne Land moraines -were formed by outlet glaciers from the ice sheet at the mouths of all 248 major fjords (Fig. 9 ). The moraines occur in swarms forming a generally 5-10 km but up to 249 25 km wide belt. Distinct weathering limits between the outer moraines and the terrain distal 250 to them and also their impressive dimensions -probably the highest and longest moraine 251 ridges in Greenland -suggest that the moraine formation began with a re-advance after a 252 period when the glaciers had been farther back in the fjords (Hjort, 1981; Funder, 1989; 253 Landvik, 1994) . In support of this, marine cores from the outer fjord area of Scoresby Sund 254 may indicate that, this part of the fjord was deglaciated already during the Allerød 255 (Marienfeld, 1992; Dowdeswell et al., 1994; Funder et al., 1998) . Cessation of ice rafted 256 debris (IRD) deposition on the shelf along the fjord zone during the Bølling (c. 13.8 ka cal. 257 BP), suggests that, by this time, the major outlet glaciers had retreated from the inner shelf 258 and terminated in the fjords where a large part of their IRD was trapped (Stein et al., 1993; 259 Funder et al., 1998) . Concordantly, this evidence suggests that the outer Milne Land moraines 260 were formed during re-advance or a long lasting still stand, and not as a step during 261 deglaciation. 262
Results from radiocarbon dating of marine shells associated with the Milne Land 263 moraines indicate that, in the entire region, the belt of moraines was abandoned and rapid 264 deglaciation begun by the end of the Preboreal Oscillation (11.3-11.15 ka cal. BP) (Björck et 265 al., 1997) . Both in Scoresby Sund and on Hochstetter Forland, 500 km to the north, the 266 moraine formation was accompanied by a fall of 30-40 m in relative sea level from the outer 267 to the inner moraine, suggesting that they were formed during a protracted period of time 268 (Funder, 1978; Hjort and Björck, 1984; Hall et al., 2010) . This has later been confirmed by an 269 extensive dataset comprising both 10 Be exposure and AMS 14 C ages from the moraines in 270 Scoresby Sund. These data indicate that the advance of the region's largest outlet glacier 271 most likely culminated in late Allerød times (>12.9 ka cal. BP), and that moraine formation 272 ceased at 11-11.2 ka cal. BP (Hall et al., 2008) . 10 Be surface exposure dating of erratic 273 boulders on moraines from a local ice cap, correlated with the Milne Land moraines, gives a 274 slightly older age for the period, from 13 to 11.6 ka (Kelly et al., 2008) . 275
Unfortunately the time resolution of the dating prevents conclusions about the 276 character of the retreat from the oldest moraines -whether it was gradual or punctuated by 277 significant re-advance, or possibly even consisted of only two distinct re-advances -one in 278 late Allerød times and the other in the late Preboreal, because no moraines have been directly 279 dated to YD, neither in Scoresby Sund, nor in more northerly areas. Hjort and Björck (1984) 280 suggested that the moraines on Hochstetter Forland were separated by an ice free interval, 281
followed by a re-advance, and Denton et al. (2005) suggested that while the borehole temperatures record mean annual temperature, the 290 equilibrium-line altitudes deduced from moraines, mainly reflect summer temperatures. This 291 implies that the YD temperature drop was mainly a winter phenomenon with little effect on 292 the ice margin. This increase in seasonality was seen as a result of a reduction in the AMOC, 293 which led to increased sea ice and reduced inflow of advective heat to the North Atlantic 294 (Denton et al., 2005) . 295
In contrast to this, in the Kangerlussuaq area to the south (c. 67°N), both shelf and 296 fjord experienced large-scale retreat of the ice sheet margin in the YD (Fig. 9) . This was 297
shown by the occurrence of light isotopes in foraminifer shells from marine sediments on the 298 shelf, as well as onset of IRD deposition during YD, which indicate a large supply of 299 meltwater and break-up of the ice sheet margin (Jennings et al., 2006) . A "major construction 300 feature" c. 50 km off the coast could be a YD terminal moraine (Andrews et al., 1997) Farther to the south, at Sermilik (66°N) and Bernstorffs Fjord (64°N) (Fig. 9) , 10 Be 310 surface exposure ages and 14 C ages lake sediments show that large outlet glaciers here 311 remained on the inner shelf until c. 11 ka (Long et al., 2008; Roberts et al., 2008; Dyke et al., 312 2014; Larsen et al., 2015) . Apparently the warm Irminger Current water did not reach this 313 coast and ice margin, in spite of its appearance at the shelf break outside Bernstorffs Fjord, as 314
shown by sea-bed and core data (Kuijpers et al., 2003) . Here, the warm Irminger Current 315 water appeared already at 14.5 cal. ka BP, continuing through the YD with no apparent 316 increase in sea ice or reduction in AMOC (Kuijpers et al., 2003; Knutz et al., 2011) . It is 317 difficult to reconcile the land and marine records from this area, especially since the shelf 318
here has a width of only 50 km, but the ice sheet margin apparently stayed on the inner shelf 319 during the YD. 320 321
South Greenland 322
In a marine sediment core from the Eirik Drift to the south of Greenland's southern 323 tip (c. 58°N) Carlson et al. (2008) found an increase in Greenland detritus during YD, 324 implying increased runoff from the ice sheet (Fig. 9 ). This is in agreement with evidence 325 from isolation lakes in the Nanortalik district in southernmost Greenland, indicating rapid 326 uplift, i.e. ice thinning retreat, especially during the late YD (Sparrenbom et al., 2006) . In a 327 lake core near the southern tip of Greenland (c. 60°N) -the only lake sediment record in 328
Greenland reaching beyond YD -the Allerød/YD transition is characterized by an increase in 329 lake productivity and occurrence of a warmth demanding diatom, indicating that YD was 330 warmer than Allerød (Björck et al., 2002) . This "anomalous" warming was explained as a 331 result of reduced AMOC and increased sea ice and seasonality (Björck et al., 2002) . This is 332 the same mechanism that was proposed to afford the glacier advance in Scoresby Sund, but 333 here in the south the increased seasonality resulted in summer temperatures that were high 334 enough to promote melting. It is notable that the beginning of the Holocene in this lake is 335 marked by a sharp transition from minerogenic to organic sediment -akin to the boundary 336 seen in NW European lakes, and so far the only evidence of the abrupt warming at the end of 337 the YD found in ice-free Greenland. 338 339
West Greenland 340
In West Greenland, outlet glaciers in all major fjords coalesced on the shelf. Here, 341 two large moraine systems, the Hellefiske and Fiskebanke moraines were traced for c. 500 342 km during oil-prospecting in the 1970's (Kelly, 1985; Funder et al., 2011b) (Fig. 9) Disko Bugt, may have begun its retreat at 13.8 cal. ka BP (Fig. 9) (O'Cofaigh et al. 2012) . 358
However, by c. 12.2 cal. ka BP, in mid-YD times, the retreat was interrupted by a short-lived 359 re-advance almost to the shelf edge, followed by "instantaneous" collapse (O'Cofaigh et al., 360 2012; Kelley et al., 2013; Jennings et al., 2014; Rinterknecht et al., 2014) . The re-advance 361 amounted to almost 100 km along a c. 50 km wide front. This is seen from 14 C ages of shells 362 from marine cores, both incorporated in till and in situ in the overlying marine mud on the 363 inner shelf (O'Cofaigh et al., 2012; Rinterknecht et al., 2014) . The collapse brought the ice 364 margin back from the shelf-edge c. 200 km to the mouth of Disko Bugt (Fig. 9) . The short 365 duration of this re-advance/retreat suggests that it could represent a surge of a thin glacier 366 lodged in the trough and controlled by subglacial topography and ice thickness, and not 367 directly by the YD cooling (O'Cofaigh et al., 2012) . Both before and especially after the re-368 advance, the Disko Bugt glacier retreated rapidly over the shelf through large-scale calving 369 (Jennings et al., 2014) . 10 Be surface exposure ages from the coastal area at the mouth of 370 Disko Bugt show that deglaciation of the bay began between 12.2 and 11.6 ka ago (Kelley et 371 al., 2013; Rinterknecht et al., 2014) . According to Rinterknecht et al. (2014) deglaciation from the outer shelf began c. 14.8 cal. ka BP, and 10 Be surface exposure ages 378 from coastal mountains show that by 12.4 ka ago the outer and mid shelf, as well as the 379 mountains, were cleared of ice (Fig. 9) . After this, the recession picked up speed, and in the 380 following millennium 100 km of the fjords were deglaciated (Roberts et al., 2013) . 381 Accordingly, the YD, and especially its mid and late parts, appears to be a period of retreat. 382
Along the northwest coast of Greenland, the YD ice sheet margin was also located on 383 the shelf. A marine core from the entrance to Nares Strait between Canada and Greenland (c. 384 77°N) shows that the cored site was deglaciated before 12.5 cal. ka BP and that meltwater 385 sediments dominated for some centuries (Knudsen et al., 2008) . 386 387 5.3. Synthesis of the Greenland ice sheet's response to the YD cooling 388
As noted above, the circumstance that three major glaciers over a distance of 50 km 389 from east to west advanced and retreated synchronously imply that this advance was not 390 caused by local forcing, such as the short-lived re-advance on the shelf off Disko Bugt, but 391 by external, climatic factors. Surprisingly, the survey of ice margin behavior in other parts of 392
Greenland shows that no other moraines have been dated to the YD, although some moraines 393 are under discussion (Fig. 9) . The Milne Land moraines, the only other evidence in 394
Greenland for significant late glacial ice margin re-advance, apparently culminated in late 395
Allerød times, but smaller re-advances of the outlet glaciers may have occurred during YD, 396
represented by undated moraines in the area. In more southerly areas, wherever a record is 397 available, the ice margins seem to have retreated from the shelf and in the fjords as shown by 398 the records from Kangerlussuaq, Nanortalik, Uumannaq We have constrained the age of three terminal moraines in front of local glaciers along a 50 434 km stretch on the north coast of Greenland, using OSL and surface exposure dating 435 techniques. The minimum limiting 10 Be surface exposure ages on erratics on the moraines 436 show a mean age of 12.5 ± 0.7 ka and the maximum limiting OSL age for epishelf-lake 437 sediments immediately preceding moraine formation give an age of 12.4 ± 0.6 ka. These ages 438 bracket the formation and subsequent abandonment of the moraines to within the interval 439 11.8-13.0 ka. The synchronous advance of independent glaciers suggests that they responded 440 to external climate forcing rather than being controlled by topography or being the result of 441 glacier surging. Occurrence of older glaciolacustrine sediments up valley from one of the 442 moraines shows that this valley was ice free before the advance, and this is the first record of 443 YD glacier re-advance/retreat in Greenland. In all other studied areas of Greenland the ice 444 margins were retreating at this time, probably sluggishly in northern East Greenland, but 445 rapidly in more southerly areas. The difference in ice margin response to the YD cooling may 446 be explained by distance to the AMOC, with East and North Greenland being the farthest 447 away. Where data are available, the retreat began before YD, and there is so far none, or 448 little, evidence of a direct ice margin response, neither to the early YD cooling nor to the 449 subsequent rapid Preboreal warming. This may to some extent owe to the limits of the 450 available dating techniques and inaccessibility of critical sites, but in the light of the ongoing 451 warming and its dramatic effect on the Greenland ice sheet, the problem deserves more 452 attention. Greenland -Evidence of shelf-based ice. Quaternary Science Reviews 29, [3399] [3400] [3401] [3402] [3403] [3404] [3405] [3406] [3407] [3408] [3409] [3410] [3411] [3412] [3413] [3414] Larsen, N.K., Kjaer, K.H., Lecavalier, B., Bjørk, A.A., Colding, S., Huybrechts, P., Jakobsen, 585 Greenland (see main text for data source). Underlined place names refer to the marine coring 715 sites mentioned in the text. 
